Structural properties of a series of commercial nongraphitized carbon blacks were studied by means of argon adsorption at 87 K and 77 K. The specific surface area of the samples was calculated using the standard BET method. The micropore volume and external surface area were both calculated by the α s -plot method. Pore volume and adsorption energy distributions were calculated numerically by using the regularization method. The above mentioned quantities obtained from argon adsorption isotherms were compared with those evaluated from nitrogen adsorption at 77 K.
INTRODUCTION
Carbon blacks, both graphitized and nongraphitized, are materials that have found wide applications in many different areas [1] [2] [3] , because of their desirable features stemming from surface properties. Thus, the surface of carbon blacks has been extensively studied over the years using a wide variety of methods. For nongraphitized carbon blacks, recent surface studies have been conducted using thermogravimetry [4] , mercury porosimetry [5] , adsorption from solutions [6] , and inverse gas chromatography [7, 8] .
Gas adsorption has long been known as a reliable method for characterization of porous solids [9] [10] [11] [12] . For instance, adsorption of water vapor [13, 14] , benzene [15] and krypton [16] on nongraphitized carbon blacks have been studied. Nitrogen is the most common gas used to study any porous solid, including nongraphitized carbon blacks [14, [16] [17] [18] [19] . One gas that does not seem to have been used much in the study of nongraphitized carbon blacks is argon [20] , even though it potentially has some advantages over nitrogen. For example, nitrogen has a quadrupole moment and may interact with functional groups on the carbon surface, which may make it more difficult to differentiate between surface and structural heterogeneity. Thus, it would be desirable to employ an adsorbate that interacts minimally with surface functional groups. To this end, argon would seem to be an attractive alternative to study the porous structures of carbons. Also, in the case of argon, the low-pressure data at 87 K may be better equilibrated and monolayer formation for argon at 87 K will take place at higher relative pressures than that for nitrogen at 77 K. Thus, argon at 87 K may be a better adsorptive to use in instruments that cannot measure very low relative pressures. Also, the BET surface areas calculated from nitrogen data are often inaccurate [21] , whereas the BET surface areas from argon data are more reasonable. Liquid argon is three times as expensive as liquid nitrogen, so it would also be desirable if argon can be used to characterize the surfaces of nongraphitized carbon blacks at the liquid nitrogen temperature of 77 K.
This paper presents the results of a systematic study of a series of carbon blacks that involved measurement of argon adsorption isotherms at 87 K and 77 K. These isotherms were analyzed using the α s -plot method and were used to calculate the pore size distributions, adsorption potential distributions and adsorption energy distributions. This analysis was compared with a parallel study performed earlier that used nitrogen as an adsorbate [22] .
EXPERIMENTAL

Materials.
A series of commercial nongraphitized Black Pearls carbon blacks labeled BP 120, BP 280, BP 460, BP 800, BP 1300 and BP 2000 was supplied by Cabot Corporation Special Blacks Division in Billerica Massachusetts. According to the manufacturer, the average size of primary particles ranges from 12 nm to 75 nm.
Measurements. Argon adsorption measurements were carried out at 87 K and 77 K using an ASAP 2010 static volumetric adsorption analyzer from Micromeritics in Norcross, Georgia. This automatic instrument is equipped with 1000, 10, and 1 Torr pressure transducers and was used to accurately measure argon adsorption data in a relative pressure range of 10 -6 -10 -7 to 0.99. High purity (99.999%) argon was used. Prior to the measurements, all samples were degassed under argon at 473 K for two hours.
Calculation Methods. The adsorption potential A is defined as the negative of the change in the Gibbs free energy of adsorption:
, where R is the universal gas constant, T is the absolute temperature, p o is the saturation vapor pressure, and p is the equilibrium vapor pressure [10] . Then the adsorption potential distribution, or APD [10] , was calculated by numerical differentiation of the adsorption isotherm: X(A) = -dΘ t (A)/dA, where Θ t (A) is the total relative adsorption obtained by dividing the volume adsorbed by the BET monolayer capacity.
Adsorption energy distributions were calculated from submonolayer adsorption data by inverting the integral equation for the overall adsorption [10] :
is the local adsorption isotherm for sites of the adsorption energy equal to ε, and F(ε) is the distribution of the adsorption energy in the interval from ε min to ε max . The local adsorption isotherm employed is the Fowler-Guggenheim isotherm [23] , given by
where K L is the Langmurian constant for adsorption on sites of the energy ε. The pre-exponential factor K 0 L can be expressed in terms of partition functions for an isolated molecule in the gas and surface phases. The parameter ω describes the energy of lateral interactions between two nearest neighbor molecules, while the parameter z gives the number of nearest neighbors. In the studies presented here, the INTEG program was used, which solves the above integral by the regularization method [24] . In this program, singular value decomposition is used on the matrix that represents the adsorption isotherm [25] , and a patchwise topography was assumed. The number of nearest neighbors used was 2, and the interaction parameter ωz/k B =118K was used [26] .
Pore size distributions were calculated using the commercial program DFT plus from Micromeritics in Norcross, Georgia [27] . The α s plots [28] were constructed by plotting the amount adsorbed versus the reduced adsorption The specific surface area was calculated using the Brunauer-Emmett-Teller (BET) method [12] , using adsorption data in the relative pressure range 0.05-0.14. For samples with mesopores and micropores, such as the nongraphitized carbon blacks presented here, total pore volume is the amount of gas adsorbed at the maximum relative pressure achieved during the measurement, converted to the equivalent liquid volume.
RESULTS AND DISCUSSION
Argon adsorption-desorption isotherms for Black Pearls carbons at 87 K and 77 K are shown in Figure 1 . According to the IUPAC classification [29] the adsorption isotherms at 77 K are of type II for BP 120, 280 and 460; intermediate between types II and IV for BP 800 and 1300; and type I for BP 2000. The isotherms at 87 K are intermediate between types II and IV for BP 120, 280 and 460; of type IV for BP 800 and BP 1300, and intermediate between types I, II and IV in the case of BP 2000. The isotherms at 87 K also exhibit a hysteresis loop, which indicates that the capillary condensation is taking place in mesopores and macropores of size close to the mesopore range. It should be noted that in the discussion here, the IUPAC definition of pore size is being used [29] , in which micropores are less than two nm wide, mesopores are between two and fifty nm wide, and macropores are greater than 50 nm. Hysteresis loops at 77 K are observed for BP 800 and BP 1300, whereas there is also some evidence of hysteresis for BP 120, 280, 460 and 2000, although hysteresis loops are not well-pronounced. In the case of argon adsorption at 87 K, the hysteresis loops for BP 120, 280, 460, and 2000 are narrow, and located at pressures close to the saturation vapor pressure, suggesting that the fraction of mesopores present may be low, while larger hysteresis loops for BP 800 and BP 1300 provide evidence of a larger fraction of mesopores.
For all the isotherms at 87 K, the amount adsorbed rises more steeply at higher relative pressures than that recorded at 77 K. This is due to the fact that argon will condense in larger pores at 87 K but will not condense in these pores at 77 K. Also, isotherms for BP 120, 280, 460 and 2000 do not level of at high relative pressures, which may be due to unrestricted monolayer-multilayer adsorption on the surface of large mesopores and macropores. At lower relative pressures the amount adsorbed at 87 K and 77 K is similar until a relative pressure of about 0.5 for all samples, and only BP 1300 exhibits some deviation from this trend. The hysteresis loop closes at a relative pressure of about 0.7 for BP 800 and 1300 and a relative pressure of about 0.9 for the other carbons. Capillary condensation begins at lower relative pressures in smaller pores, providing further evidence that BP 800 and 1300 have a larger fraction of mesopores than the other samples. The BP 120, 280, 460 and 2000 carbons do not exhibit any pronounced adsorption-desorption hysteresis at 77 K, whereas BP 800 and 1300 exhibit hysteresis loops somewhat similar to type H1. At 87 K, these samples exhibit H1 hysteresis loops, whereas the other samples also exhibit hysteresis loops similar to type H1. Figure 2 shows the isotherms from Figure 1 , this time using a logarithmic scale for relative pressure to better show adsorption behavior at low pressures. The amount adsorbed at low pressures is quite comparable at both temperatures. Monolayer formation at relative pressures between 10 -3 and 10 -2 can be seen for all samples. BP 800, 1300 and 2000 exhibit pronounced adsorption at relative pressures below 10 -5 , suggesting the presence of microporosity, with BP 2000 having the highest fraction of micropores.
The low pressure isotherms for argon adsorption at 87 K and 77 K are similar; almost equal amounts adsorb at low pressures for these two systems. However, there are differences in when adsorption begins. For the BP 120, 460, and 800 samples argon begins adsorbing at lower relative pressure at 77 K than at 87 K; however, for the BP 800, 1300 and 2000 carbons, adsorption starts at higher relative pressures. The latter carbons have micropores, and it is possible that argon is not equilibrating as well in the pores of this size at 77 K.
Adsorption potential distributions (APDs) for the BP carbons studied at 87 K and 77 K are shown in Figure 3 . They all have a single, broad peak of about the same width and located at about the same position, between 4-5 kJ/mol. This peak is associated with monolayer formation on the pore walls and on the external surface. The broadness of this peak provides evidence that the BP carbons have significant surface heterogeneity [22, 30] .
The isotherms for BP 1300 and BP 2000 suggest that these carbons have a significant number of micropores. If this is true, we might expect the APD curves to exhibit more than one peak. If the micropores are small enough, there would be one additional peak at higher values of the adsorption potential, due to micropore filling. However, the APD curves for BP 1300 and BP 2000 show only one broader peak with tailing in direction to higher adsorption potentials. This may be due to their very large external surface area, shown in Tables 1 and  2 , and the presence of larger micropores. Such a large surface area is expected to produce a broad monolayer formation peak that may mask the micropore filling peak. Tab. 1. Surface and structural parameters for the carbon blacks studied at 87 K.* * S BET -BET specific surface area, S APD -specific surface area evaluated using the minimum on the adsorption potential distribution [31] , S DFT -specific surface area evaluated using using the DFT software supplied by Micromeritics Co., S ex -external surface area obtained by the α s -plot method [32, 33] , V mi -micropore volume obtained by the α s -plot method [32, 33] , and V t -singlepoint pore volume obtained from adsorption at the relative pressure of 0.98 (note that for the type II isotherms, which are observed for macroporous solids, argon at 87 K do not condense in macropores; thus, this volume represents rather the volume of adsorbed film on the pore walls). Surface and structural parameters for the BP carbons studied are shown in Table 1 for adsorption at 87 K and Table 2 for adsorption at 77 K. The external surface area and the micropore volume were determined by the α s -plot method [32, 33] ; the BP 280 carbon was used as the reference nonporous carbon surface [34] . The specific surface areas were calculated by three different methods (see information under Table 1 ). Since there is a corresponding increase in the micropore volume and total pore volume, the increase in the surface area can be attributed to an increase in porosity. The surface areas calculated by using the BET method differ from those obtained with the help of the adsorption potential distributions (S APD ) [31] and the DFT method (S DFT ) [27] ; this difference becomes significant for high surface area samples. At 87 K, S APD and S DFT agree quite well for all samples except slightly larger difference for BP 2000.
Cabot BP 460
Pore Width (nm) Shown in Figure 4 are pore size distributions (PSDs) obtained from argon adsorption at 87 K for the BP carbons with larger porosity only, i.e. BP 460, 800, 1300 and 2000. The PSD curves were not calculated for BP 120 and 280 because these samples are rather nonporous with some large macropores only. Argon data at 77 K were not analyzed because at this temperature argon does not condense in larger mesopores. BP 800 and BP 1300 exhibit larger porosity in the range of mesopores (PSD peak located around 10-20 nm), while BP 460 and 2000 possess larger mesopores and small macropores (PSD peak closer to 100 nm). BP 1300 is more porous than BP 800 but both exhibit some microporosity. BP 2000 is the most porous sample among the BP carbons studied, and has a noticeable gap in the mesopore region. The increased mesoporosity of BP 800 and BP 1300 leads to broader hysteresis loops in their isotherms. Finally, the lack of appreciable mesoporosity leads to a narrow hysteresis loop for BP 2000, and indicates that the macropores present adsorb argon by a mechanism similar to a flat surface, with only a small contribution from capillary condensation. Adsorption energy distributions (AEDs) for the BP carbons studied at 87 K and 77 K are shown in Figure 5 . All the curves show two not well-resolved peaks at ~8 kJ/mol and 11 kJ/mol. For BP 120, the peaks are roughly equal in magnitude. For BP 280 and BP 460, the peak at 11 kJ/mol is considerably larger, while the shapes of the distributions are being similar. For BP 800 and BP 1300, the peaks are both smaller, with the peak at 11 kJ/mol once again being larger. BP 2000 shows the reverse of the other samples, with the peak at 8 kJ/mol being much larger than the peak at 11 kJ/mol. For BP 120, 280 and 1300, the shapes of the distributions at 77 K and 87 K are almost the same. However, the other three samples all show an extra peak, corresponding to energy of about 15 kJ/mol at 77 K and about 17 kJ/mol at 87 K. In all three of these samples, the third peak at 77 K is much larger than the peak at 87 K.
The high adsorption energies correspond to adsorption at low relative pressures. So the peaks at 8 and 11 kJ/mol can be attributed to monolayer formation on the mesopore and macropore surface. For solids that are macroporous and/or mesoporous such as BP 120, 280 and 460, the AED reflects the surface heterogeneity [32] . Thus, the fact that the AED curves for BP 280 and 460 ( Figure 5 ) are similar indicates that their surface heterogeneities are similar. On the other hand, the AED curve for BP 120 has a slightly different shape than BP 280 and 460, so its surface heterogeneity is somewhat different. The PSDs in Figure 4 show that BP 800, 1300, and 2000 have micropores, so the AEDs for these carbons reflect both structural and surface heterogeneities, and it is difficult to separate the two. But it might be possible by comparing the AED and PSD curves. For example, the onset of microporosity on the PSD curves for BP 800, 1300 and 200 correspond to a new feature on the AED curves, namely a third peak at ~15 kJ/mol. This suggests that this third peak in the AEDs is due to the filling of micropores. This peak occurs at an adsorption energy that corresponds to lower relative pressures than the onset of monolayer formation, which lends further credence to the above suggestion. In addition, the range of micropores shown on the PSD curves is quite narrow, which resulted in a narrow third peak on the AED curevs.
When argon adsorption isotherms at 87 K are compared with previous published nitrogen adsorption isotherms at 77 K [22] , it is found that the nitrogen isotherms show the same trends as the argon isotherms in terms of the shape of the isotherm, the amount adsorbed, and the types of hysteresis loops that are found as the BP series progresses. Thus it is seen that argon adsorption isotherms at 87 K give analogous information about the porosity of nongraphitized carbon blacks as nitrogen adsorption does.
CONCLUSIONS
Argon adsorption-desorption isotherms were measured on a series of six nongraphitized carbon blacks at 87 K and 77 K. The isotherms show greater adsorption of argon at higher relative pressures at 87 K than at 77 K due to the lack of argon condensation in larger mesopores at 77 K. The low-pressure isotherms give the first indication that BP 1300 and BP 2000 have significant microporosity. Adsorption energy distributions show some small differences in energetic heterogeneity of BP 120, BP 280 and BP 460, even though their isotherms are similar. The high energy part of these distributions provides evidence about microprosity, which is reflected by a small peak at ~15 kJ/mol. A comparison of argon isotherms at 87 K with an earlier study done for nitrogen at 77 K indicates that both adsorbates seem to able to detect the same trends in the surface properties and porosity of these nongraphitized carbon blacks. The use of argon can be beneficial for carbons with small micropores.
